Abstract This paper focuses on the synthesis of nanocomposite materials, TiO 2 / SAPO-34, using the sol-gel method, which involves preparing a mixture between as-synthesized or calcined SAPO-34 zeolite and TiO 2 gel under hydrothermal crystallization and then calcining it at 400°C for the formation of the TiO 2 anatase phase. The structural and textural features of the obtained materials were determined by various physico-chemical techniques such as thermogravimetric analysis, X-ray diffraction, scanning electronic microscopy, nitrogen sorption at 77 K, energy dispersive X-ray analysis and ultraviolet-visible spectrometry. The DRX results showed that calcination at 400°C of the mixture between the calcined SAPO-34 and TiO 2 gel led to the collapse of the original framework of zeolite, but formed the anatase TiO 2 in a nano-spherical morphology; however, the use of as-synthesized SAPO-34 supports provides a mixture phase between SAPO-34 and TiO 2 anatase after calcination. The photocatalytic properties of the SAPO-34/TiO 2 and TiO 2 -type materials were tested for the removal of methylene blue (MB) dye. The MB degradation proved to increase as a function of contact time, catalyst mass and the initial concentration of MB.
Introduction
Titanium dioxide is classified among the most important semiconductor materials [1, 2] . TiO 2 is chemically inert [3] , thermally stable [4] , inexpensive [5] , and environmentally friendly [6] . It is used in cosmetics, the paint industry, or photocatalysis for degradation of pollutants in contaminated water [7] . All these properties have expanded the field of application of TiO 2 [8] [9] [10] [11] [12] . Recently, several methods have been investigated for the purpose of obtaining TiO 2 in the shape of micro-and nanoparticles with different morphologies, such as nanotubes [13] , nanofibers [14] , or spheres [15] . Moreover, pure TiO 2 nanoparticles are difficult to recycle and rapidly lose their effective surface area during their catalytic applications [16, 17] . Consequently, immobilization of the TiO 2 nanoparticles on a support has been proposed to improve their properties [12] . To date, several methods have been employed for the synthesis of composite materials containing TiO 2 , including chemical bath deposition [18] , one-step electrochemical anodizing [19] , solvent-free in situ synthesis [20] , peroxo-assisted hydrothermal [21] , chemical solvent and chemical vapour decomposition (CSD and CVD) [22, 23] , precipitation [24] , the sol-gel method [25] and other techniques.
The sol-gel method is the most effective approach which permits the obtaining of particles in the nano-scale of high purity at relatively low temperature, with the possibility of a stoichiometry controlling process [25] . The materials containing TiO 2 obtained by this method can be re-used for several cycles due to their ease of separation in the reaction medium and their interesting photocatalytic properties. In order to improve these properties, several attempts have been proposed for the immobilization of TiO 2 on different supports, such as clay [26] , silica [27] , polymer [28] , activated carbon [29] , and zeolite [30] .
Zeolites are interesting support materials due to their high surface area, uniform pores, unique structures, excellent adsorption and high thermal stability [31] . To date, several zeolites have been used as supports for TiO 2 particles ,such as ZSM-11 [31] , beta [32] , Y and X zeolite [33, 34] , and natural zeolites [35, 36] . In general, the increase of the calcination temperature leads to the transformation of amorphous TiO 2 to the anatase or rutile phase [35] , but, for the preparation of composite TiO 2 / zeolite, it is possible to destroy the original framework of the support [36] , due to the thermal dehydration of the zeolites [36] [37] [38] . The disorder of the zeolite framework also causes a decrease in the crystallinity of the zeolite, a phenomenon which has already been observed for different types of zeolites [39] . The works of Sun et al. [36] have demonstrated that the increase of temperature of calcination does not only affect the zeolite framework but also affects the adsorption behavior and photocatalysis.
SAPO-34 is a silicoaluminophosphate with a small pore size (*3.8 Å ) and with a chabazite structure containing the composition Si x Al y P z O 2 , where x = 0.01-0.98, y = 0.01-0.60, and z = 0.01-0.52 [39] . These solids have been used in the selective catalytic reduction of NOx by ammonia, or the selective conversion of methanol to gasoline, olefins or dimethyl ethers [40, 41] , and thus have been used in several applications in the field of adsorption of polluting organic compounds [42, 43] .
To the best of our knowledge, no attention has been paid to silicoaluminophosphate, SAPO-34, combined with TiO 2 . In the present investigation, this innovative concept will be extended to the synthesis of composite TiO 2 /SAPO-34 using the sol-gel method. In order to obtain an efficient photocatalyst and easy separation of the photocatalyst in the reaction medium, we propose to use the as-synthesized and calcined zeolite SAPO-34 as support for TiO 2 . The obtained solids were evaluated as photocatalysts for the degradation of methylene blue (MB). The effects of various parameters such as contact time, catalyst mass and initial dye concentration were investigated.
Experimental
Synthesis of SAPO-34 and fumed silica (Aerosil 200; Degussa), respectively. The mixture was prepared by successive additions of phosphoric acid and morpholine to a suspension of aluminium isopropoxide in water under vigorous stirring. The obtained gel was sealed into a Teflon-lined stainless steel autoclave followed by crystallization for 24 h at 200°C. The obtained product was then removed from the oven and cooled to room temperature. After filtration and washing several times with distilled water, the obtained solid was dried at 90°C for at least 24 h. The powder was then calcined in air at 400°C for 6 h to remove the organic products.
Synthesis of TiO 2
Adapting a synthetic protocol from the literature [45] , a quantity of tetrabutylorthotitanate was mixed with 2-butanol and H 2 O to obtain a mixture with the composition of 10.03 TBOT: 1.08 butanol: 0.16 H 2 O which was stirred for 4 h. The formed gel was filtered, washed and dried at 90°C followed by calcination at 400°C for 12 h to transform the amorphous gel into the crystalline anatase phase. This composition led to the production of 0.8 g of anatase TiO 2 .
Sol-Gel synthesis of TiO 2 /SAPO-34
The synthesis of composite TiO 2 /SAPO-34 involves the preparation of TiO 2 gel using the same composition mentioned above (see protocol for the preparation of TiO 2 ). For the preparation of 50 % TiO 2 /SAPO-34 composite, the gel of TiO 2 was added with 0.8 g of SAPO-34 zeolite calcined or as-synthesized, followed by stirring for 1 h. Then, the formed product was washed, filtered, dried and calcined at 400°C for 12 h.
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Characterization
The silico-alumino-phosphate molecular sieves were characterized by XRD, using a 2002 Seifert powder diffractometer with Cu-Ka radiation (k = 1.54 Å ) from 15 to 80°a t a scanning speed of 2°/min. The diffractometer used a h-2h assembly and analyzed the samples in powder form (finely ground) in a flat plate sample holder. The morphology, texture and homogeneity of the materials were assessed by the analysis of different sections of the samples by scanning electron microscopy coupled to energy dispersive X-ray spectroscopy (SEM-EDX; Hitachi S3000 N). The textural characterisation of the catalysts was carried out by means of adsorption of N 2 at -196°C (Autosorb 6; Quantachrome). Prior to the adsorption measurements, the catalysts were outgassed under vacuum (10 -2 mbar) at 250°C for 4 h to remove any adsorbed impurities. Surface area was calculated from the nitrogen adsorption isotherms using the BET equation (S BET ) and micropore volume from the DR method. Thermogravimetric analysis (TGA) experiments were performed in a Thermogravimetric Analyzer (TA Instruments; model SDT 2960). In these experiments, approximately 10 mg of the catalyst (fresh and used) were treated. The catalyst was heated up to 900°C (heating rate of 10°C/min) and equilibrated for 1 h, under synthetic air (100 ml/min). The SPECORD 210 PLUS UV-Vis spectrophotometer (Analytik Jena) with a holmium oxide filter was used for the study of the optical properties of obtained materials. The optics were a Monochromator with a holographic concave grating light split into two beams by a beam-splitting plate, with wavelength range 190-1100 nm.
Photocatalytic degradation of MB
The photocatalytic degradation of methylene blue (MB) in catalyst suspensions was performed in a photoreactor. A lamp was located at the top of a 500-ml beaker at a distance of 15 cm. The radiation source was a mercury UV lamp 1115 (25 W, 18 mA) operating at a wavelength of 254 nm. Prior to illumination, the suspension containing different masses of the catalyst (m 1 = 0.025 g, m 2 = 0.1 g, m 3 = 0.175 g, m 4 = 0.25 g) and 100 ml of MB with different initial concentrations of 15, 20, 30 and 40 ppm was stirred for 30 min with a magnetic stirrer in the dark; a 30-min contact time was sufficient for the MB to reach adsorption-desorption equilibrium with the catalysts. Then, the suspension was irradiated under continuous stirring. At specific time intervals, samples were withdrawn and centrifuged at 4000 rpm to separate the catalyst particles. The concentrations of MB in the supernatant were determined by using a UV-visible spectrophotometer (Specord 210 Analytik Jena) registering the absorbance at 660 nm, corresponding to the maximum absorption wavelength of MB. All measurements were performed in triplicate with errors below 5 %, and average values are reported. The degradation percentage is calculated by the following equation:
where C 0 is the initial concentration and C the concentration at a specific time. Results and discussion Figure 1a shows the X-ray diffraction patterns of the three samples. (004), (200), (105), (211), (204), (116), (220) and (215), respectively (Fig. 1a) . These results are in agreement with the standard crystallographic data (JCPDS-no. 01-086-1157) for anatase TiO 2 . In the case of the composite TiO 2 /SAPO-34 obtained by the assynthesized SAPO-34, the XRD results (Fig. 1a) show that the composite material was successfully obtained with the occurrence of the characteristic peaks of the TiO 2 anatase phase and CHA of SAPO-34. We also showed that there was a decrease in the intensity of the peaks of the composite material due to the calcination procedure. Similar results have been obtained using zeolitic supports when increasing the calcination temperature in the 300-500°C range [36] . This decrease in intensity may also be due to interactions between the precursor of TiO 2 and the SAPO-34 support. It can be seen that the characteristic diffraction lines of TiO 2 are weaker, which confirms that TiO 2 is well dispersed on the SAPO-34 zeolite, preventing the formation of large TiO 2 crystals in the composite materials, as has been observed previously by Suárez et al. [46] .
We have used the Scherrer equation D ¼ Kk bcosh to determine the mean crystallite sizes of our materials, where k is the wavelength of the X-ray, k is a constant k & 0.9, h is the diffracting angle, and b is the full width of diffraction peak at full-width half-maximum intensity. The results shows that the crystallite size increases in the following order 21.04, 27.02 and 28.1 nm for TiO 2 , SAPO-34 and TiO 2 /SAPO-34 composite respectively. Figure 1b shows the X-ray diffraction patterns of the composite TiO 2 /SAPO-34 prepared by calcined SAPO-34 zeolite (Fig. 1b) . We note that the TiO 2 /SAPO-34 composite presents all the characteristic peaks of the TiO 2 anatse phase. However, no characteristic peak of zeolite SAPO-34 was obtained. In the range 2h = 10-40°, we observed a broad peak characteristic of the presence of amorphous species confirming the total collapse of the zeolite SAPO-34.
In order to confirm the stability of the SAPO-34 zeolite, we have calcined the sample in two successive procedures. Practically no loss in crystallinity was observed when the as-synthesized SAPO-34 was calcined for the first time at 400°C, confirming its thermal stability under calcination conditions (Fig. 1c) . However, the XRD result shows that, after the second calcination at 400°C, the structure of SAPO-34 collapsed completely (Fig. 1c) . This behaviour with the temperature of calcination shows that the SAPO-34 does not resist the effect of re-calcination which is strongly related to the opening of the Si-O-Al and P-O-Al bonds [47, 48] . However, Briend et al. [49] showed that the structure of SAPO-34 zeolite deteriorated rapidly when exposed to moisture at low temperatures. Figure 2 shows the SEM images of different synthesized materials. The composite TiO 2 /SAPO-34 prepared with as-synthesized SAPO-34 presents a mixture of morphology between aggregates of TiO 2 nanoparticles and the cubic crystals of the SAPO-34 (Fig. 2a) . It also shows that the TiO 2 particles are well dispersed on the surface of the zeolite SAPO-34 which is in agreement with the XRD results. According to the SEM images, we note that the size of the SAPO-34 particles are in the range 6.5-5 lm, while the TiO 2 particles are around 0.5 lm. In the case of the TiO 2 /SAPO-34 composite prepared using the calcined zeolite, we can see the spherical morphology which corresponds to the TiO 2 anatase with particle sizes around 0.6-0.4 lm (Fig. 2c) . We also note the appearance of particles with different morphologies which are characteristic of the amorphous phase. These results confirm those obtained by XRD analysis. For the case of the SAPO-34 zeolite, a cubic structure is obtained with particle sizes in the range 4-10 lm which characterizes this type of zeolite (Fig. 2c) . The TiO 2 anatase forms agglomerates with the appearance of small crystallites with sizes in the range of a few tens of nanometers (Fig. 2d) .
Thermogravimetric analyses (TGA) were investigated to determine the thermal stability of the obtained materials and also to know their states at 400°C (at the temperature of calcination) (Fig. 3) . The conventional TiO 2 showed a weight loss of 25 %, which was attributed to the loss of water and 2-butanol. For the case of the SAPO-34 zeolite and TiO 2 /SAPO-34 composite, the TGA signal of the zeolite is identical to those obtained in the literature [50, 51] . It is clear that the weight loss stages of TiO 2 /SAPO-34 are different compared to the SAPO-34, which is probably due to the presence of TiO 2 nanostructures on the surface of the SAPO-34. For both materials, the TGA curve showed four weight-loss steps, the first of which occurred at temperatures lower than 180°C with weight loss 5 and 8 % for SAPO-34 and TiO 2 /SAPO-34, respectively. These were attributed to physisorbed and occluded water in the SAPO-34 framework [51] , while the remaining three stages are in the range 180-720°C and are attributed to the oxidative decomposition of the template [51] (Fig. 3) ; the weight losses in this temperature interval are 19 and 14.5 % for SAPO-34 and TiO 2 /SAPO-34, respectively. We can see that the elimination of the structuring agent (morpholine) requires high temperatures ([500°C), which demonstrates the stability of the zeolite matrix containing the template. We can conclude that the TiO 2 /SAPO-34 composite has approximately 60 % of the organic template decomposed at 400°C, confirming that the calcination at 400°C leads to the formation of TiO 2 anatase (see XRD results) and partial calcination of the SAPO-34 zeolite. Figure 4 shows the nitrogen adsorption-desorption isotherms of the different solids. The SAPO-34 sample show a type I isotherm, typical of microporous solids [40] , and exhibits a distinctive hysteresis loop in the higher relative pressure (P/P 0 ) range of 0.8-1.0, similar to the H3 type according to the IUPAC classification [52] . However, the TiO 2 and the TiO 2 /SAPO-34 composite recovered after calcination exhibit a type IV isotherm, characteristic of mesoporous materials, while these both materials also exhibit hysteresis loops of type H3, The surface areas (determined by the BET method) and micropore volume (determined by the DR method) of SAPO-34 were found to be the largest among all the samples and to decrease when mixing TiO 2 with the SAPO-34 support. We note that the TiO 2 nanocrystals have a large pore diameter which corresponds to mesoporous materials ( Table 1 ). The BET surface area of the TiO 2 anatase was found to be 83 m 2 g -1 , which is higher than TiO 2 -P25 (50 m 2 g -1 ). However, we note that the mesopore diameter of the composite materials has decreased compared to TiO 2 nanocrystals, which may be is due to the interaction of these nanoparticles with the SAPO-34 surface, which reduces the interparticle space of the TiO 2 nanoparticles responsible for the mesoporosity observed. (50 %). This also shows that the use of the calcination temperature at 400°C promotes the formation of anatase, although the removal of morpholine is partial; The EDX analysis shows that a high amount of carbon is obtained, confirming that calcination at 400°C leads to the partial removal of the template; these results are in agreement with the TGA analysis. The analysis also shows that titanium is the major element with an atomic percentage of 2.7 and 2 % aluminum. In this part, a comparative study between TiO 2 anatase and TiO 2 /SAPO-34 composite synthesized by the same method of them when used as photocatalysts for MB degradation, knowing that the TiO 2 anatase used by the present synthesis method showed significant photocatalytic properties compared to the TiO 2 -P25 [45] .
The photo-degradation of methylene blue (MB) by TiO 2 and TiO 2 /SAPO-34 under visible light are presented in Fig. 6a We have also studied the effect of MB concentration by varying the dye concentration in the range from 15 to 40 ppm. As shown in Fig. 6 , the degradation of MB increases with increasing amounts of MB in solution. At low concentration (15 ppm), MB partially degraded while the degradation efficiency of TiO 2 /SAPO-34 was found to be increased when the concentration was increased up to 40 ppm. This behaviour can be explained on the basis of changes in the optical density of the MB solution at varying concentrations [53] . The density of the solution increases with the increase in the MB concentration in solution which restricts the penetration of the light into the solution. We note that the degradation of MB is almost the same for both photocatalysts, knowing that the composite material contains 50 % of TiO 2 in the structure compared with the pure TiO 2 (100 %). Figure 7 shows the effect of the catalyst mass on the degradation of MB. We observe that the concentration of dye in the solution decreases with the increase in the mass of TiO 2 up to a certain level, and then starts to decrease with a further increase in the catalyst amount. This observation can be explained on the basis of the fact that the number of active sites and the number of absorbed photons increase with the increase in the catalyst amount, which causes a higher rate of photocatalysis. After a certain point, light scattering and aggregation of the catalyst particles may occur. This results in the decrease in the photocatalytic performance due to the decrease in the number of active sites in the agglomerated catalyst even as the amount of catalyst is increased [54, 55] . Interestingly, the degradation of MB increased with the increase of the mass of the TiO 2 /SAPO-34 composite, reaching a degradation of 80 % of MB using 0.25 g of the TiO 2 /SAPO-34 catalyst after 90 min of reaction time. In this respect, it would appear that supporting the TiO 2 on the SAPO-34 support has the clear advantage of preventing the decrease in active sites of the photocatalyst, which may be attributed to the prevention of aggregation of the TiO 2 . Furthermore, it must be noted that recoverability of the catalysts was greatly improved in the case of the composite, due to the high density of the SAPO-34 phase, which greatly simplified the filtering of the suspended photocatalyst. In order to confirm the obtained results between both photocatalysts, we have used UV-vis spectroscopy to quantify the light absorption and to determine the wavelength range for the absorption. As shown in Fig. 8 , the band gap energy of the TiO 2 anatase was found to be 2.9 eV which is equivalent to the wavelength of 423 nm. In regards to the TiO 2 /SAPO-34 composite, it showed absorbance in the visible range and its band gap energy was 2.56 eV for wavelength of 479 nm, which suggests its potential to be activated by visible light. It also shows that the narrow band gap benefits the generation of more photo-induced electrons and holes to enhance the photocatalytic activity of the composite TiO 2 /SAPO-34.
Conclusions
Three different materials, SAPO-34, TiO 2 and TiO 2 /SAPO-34 composite, were successfully synthesized and characterized. We have shown that the use of calcined SAPO-34 zeolite as a support for TiO 2 leads to a total collapse of the zeolite framework after treatment by calcination at 400°C, providing only one nanospherical phase characteristic of TiO 2 anatase. The use of as-synthesized zeolite as a support results in a phase mixture between the TiO 2 anatase and a cubic structure of SAPO-34 zeolite. The TGA curves show that the stability of the composite TiO 2 / SAPO-34 has been improved compared to pure TiO 2 .
The obtained results revealed the possibility of having a supported TiO 2 catalyst which performs better than TiO 2 for organic dye degradation in aqueous solution. In addition, TiO 2 /SAPO-34 catalysts can be easily recovered once the photocatalytic reaction is finished because of the higher density of SAPO-34 particles. In particular, TiO 2 /SAPO-34 catalysts prepared by the sol-gel method exhibited higher activity than TiO 2 in the photodegradation of methylene blue. Catalyst activity is due to the well-dispersed TiO 2 nanoparticles on the surface of the SAPO-34, which induces a synergy effect between both materials which reduces the recombination rate of the electron-hole pair.
